Attention-deficit hyperactivity disorder (ADHD) is the most common childhood psychiatric disorder, affecting 5-10% of school-age children. Although the biological basis of this disorder is unknown, twin and family studies provide strong evidence that ADHD has a genetic basis involving multiple genes. A previous study found an association between ADHD and two polymorphisms in the 3 0 untranslated region (UTR) of SNAP-25, a gene encoding a synaptic vesicle docking protein known to play a role in the hyperactivity observed in the Coloboma mouse strain. In this paper, we test biased transmission of the 3 0 UTR SNAP-25 haplotype using a larger ADHD sample of 113 families with 207 affected children. Using the transmission disequilibrium test (TDT), we found a trend consistent with biased transmission of the TC haplotype of SNAP-25 in all transmissions and detected a significant distortion (P ¼ 0.027) when paternal transmissions were evaluated.
Introduction
Attention-deficit hyperactivity disorder (ADHD) is the most common childhood-onset psychiatric disorder, affecting an estimated 5-10% of school-age children, with an approximately three fold greater incidence in boys than girls. 1 ADHD is characterized by core symptoms of hyperactivity, inattention and/or impulsivity. Comorbid psychiatric conditions are common, particularly conduct disorder or oppositional defiant disorder, as well as mood, anxiety and learning disorders. Untreated, ADHD often leads to social and behavioral problems continuing in adulthood. [2] [3] [4] Effective treatment is possible using a combination of behavior management and stimulant medications. The high prevalence of ADHD provides a strong motivation to further refine the diagnosis and treatment, and to understand the etiology of this disorder. 1 Definitive causes of ADHD have not been identified, but there is evidence that genetic factors play a major role. Twin studies have repeatedly found ADHD to be one of the most highly heritable behavioral disorders in childhood, with heritability estimated between 60 and 90%. 5 Findings from family and adoption studies also indicate a strong genetic component. 6 Relative risk ratios for firstdegree relatives are on the order of lE5-8 while being approximately half of this for second-degree relatives (lE2-3). 7 The broad range of symptoms and comorbid conditions suggests that ADHD is genetically heterogeneous, with different genes giving rise to variability in phenotypes. This is also supported by twin and family studies, which find evidence for shared and unique genetic variance underlying ADHD subtypes and comorbid conditions. 3, 8 The search for ADHD genes has primarily focused on the use of candidate gene studies particularly investigating genes involved in dopamine-related pathways. This emphasis is largely due to the high efficacy of stimulant medication in ADHD with over 70% of ADHD-affected patients responding to stimulant medications that effect dopamine release or reuptake, such as dextro-amphetamine and methylphenidate. 1 Several polymorphisms in dopamine-related genes have shown significant associations with ADHD, including those encoding the dopamine transporter (DAT1), 9 the dopamine receptor D2 (DRD2), 10 the dopamine receptor D4 (DRD4), 11, 12 and catechol-O-methyltransferase (COMT). 13 However, other studies failed to replicate associations with DRD4, [14] [15] [16] with DAT1, 17 and an association with COMT has also been mixed. 18 The synaptosomal-associated protein of molecular weight 25 kDa (SNAP-25) was implicated in ADHD by studies on the mouse mutant strain coloboma (Cm/þ ). This radiation-induced mutant strain displays spontaneous hyperactivity that is suppressed by dextroamphetamine 19 and has thus been proposed as an animal model for ADHD. 20 The coloboma strain is hemizygous for a 2-cM deletion encompassing multiple genes, including SNAP-25. Steffensen et al 21 observed that in Cm/ þ mice, the SNAP-25 mRNA and protein are expressed at half the wild-type levels. Further, in vitro examination of their synaptosomes showed a failure to release dopamine in response to depolarization. Finally, transgenic insertion of SNAP-25 eliminated the hyperactivity (and the hyperactivity suppressing effect of dextro-amphetamine) but had no effect on other phenotypic abnormalities present in the strain. 21 Despite the suggestive evidence for a connection between hyperactivity and SNAP-25, an early small study found no linkage between ADHD in humans and seven microsatellite markers in the chromosome 20p11-12 region encompassing the gene. 22 In contrast, Barr et al 23 found significant evidence of linkage between ADHD and SNAP-25. They identified two novel single nucleotide polymorphisms (SNPs) located three bases apart in the 3 0 untranslated region (UTR) of SNAP-25 and tested for biased transmission of these SNP alleles and also the combined haplotype alleles, using the transmission disequilibrium test (TDT) on a sample of 97 nuclear families with 122 ADHD-affected children. There was significant biased transmission (w 2 ¼ 4.7, P ¼ 0.027) of the TC haplotype allele. This suggests that variants of SNAP-25 play a role in the disorder, although it is possible that a gene tightly linked to SNAP-25 is responsible.
Our goal in the present study is to carry out an independent and more extensive investigation of transmission biases of the SNAP-25 alleles. We genotyped subjects for the same SNPs and used the TDT statistic to test for transmission bias; but our sample consists of twice the number of informative meioses as the study of Barr et al. 23 This larger sample size allows our study to have adequate power to consider the role of this gene in the presence of a polygenic mode of inheritance and/or heterogeneity and to investigate the role of the SNAP-25 gene in distinct subgroups.
Methods

Subjects
Details about subject recruitment have been previously published. 8 The UCLA Human Subjects Protection Committee approved this study. Most of our families have multiple affected siblings (69%) and many have an affected parent (46%). From a total sample of 264 such families collected, 202 were used for this study, subselected only because they were collected earliest and thus their DNA samples were fully prepared at the time of this genotyping project. The relevant characteristics of these 202 families are summarized in Table 1 . The mean IQ of the affected children is 105.6 (s.d. ¼ 14.9). In our sample, there were two affected individuals with IQ scores below 70, and these were excluded from TDT analyses. Subgroups used for specific test from this total population did not differ from the population characteristics in Tables 1 and 2 .
Assessment
All child and adolescent probands were assessed by an interview with the mother using the K-SADS-PL structured interview, followed by direct interview of probands aged 8 years or older. 24 The structured interviews were supplemented with teacher and parent rating scales (SNAP-IV, CBCL, TRF). 25, 26 Psychologists and or advanced graduate students in psychology, experienced in the use of the semistructured interview and ADHD diagnosis, carried out all the interviews. The inter-rater reliability (kappa) was greater than 0.98 for all ADHD diagnoses, 0.99 for ADHD subtype, and 0.84 for the 10 major psychiatric diagnoses. Affected individuals were classified according to DSM-IV diagnostic criteria. We define definite ADHD as meeting all diagnostic criteria, and probable ADHD as falling one criterion short of the diagnosis but with evidence of impairment. The diagnostic status of the 202 families is summarized in Table 2 . Additional details of the assessment are previously published. 8 Genotyping Blood samples were collected for each family member, and genomic DNA was isolated using the Puregene Kit (Gentra Systems, Minneapolis, MN, USA), according to the manufacturer's directions. SNP Biased paternal transmission of SNAP-25 risk alleles V Kustanovich et al genotypes were determined using the fluorescence polarization assay. 27 Samples were processed in a 96-well microtiter plate format. First, a DNA segment containing both SNP sites (which are only 3 bp apart) was PCR amplified from genomic template using PCR primers specified by Barr et al. 23 PCR was carried out in 10 ml reactions with 60 ng genomic DNA, 10 mM Tris-HCl (pH 8.3), 50 mM KCl, 3.0 mM MgCl 2 , 1 unit of Amplitaq Gold (PE Biosystems, Wellesley, MA,USA), 250 mM dNTPs, and 250 nM of each PCR primer (Operon, Alameda, CA, USA), using a touch-down PCR program. Excess PCR primers and unincorporated dNTPs were degraded by adding 10 ml of 1 unit of Exonuclease I and 2 units of shrimp alkaline phosphotase (SAP) in 20 mM Tris-HCl (pH8.0), 10 mM MgCl 2 (Amersham Pharmacia, Piscataway, NJ,USA), and incubating for 60 min at 371C. The reaction was stopped at 951C for 15 min. Templatedirected incorporation (TDI) was performed by adding 10 ml of 50 mM Tris-HCl (pH 9.0), 50 mM KCl, 5 mM MgCl 2 , 8% glycerol, 0.1% Triton X-100, 0.8 units of Thermosequenase (United States Biochemical, Cleveland, OH,USA), 1 mM TDI primer SNAP25T1065G (5 0 -ttggtggctctaactccttga-3 0 ) or TDI primer for SNAP25T1069C (5 0 gagaaaatgaaaaatgaactc-3 0 ) (MWG Biotechnology Inc., High Point, NC, USA), and a mixture of dye-labeled dideoxy terminator nucleotides consisting of 3 mM R110-ddUTP, 3 mM TAMRA-ddGTP, 4 mM ddCTP, 4 mM ddATP, 3 mM ddUTP, 3 mM ddGTP (for SNAP25T1065G) or 3 mM R110-ddATP, 3 mM TAMRA-ddGTP, 4 mM ddCTP, 4 mM ddUTP, 3 mM ddATP, 3 mM ddGTP (for SNAP25T1069C) to the enzyme-treated PCR reaction. The sample was incubated at 931C for 1 min, followed by 35 cycles of 931C for 10 s and 501C for 30 s with a final hold step of 41C. The entire reaction mixture (B30 ml) was transferred to an HE 96-well black microtiter plate (LJL Biosystems, Sunnyvale, CA, USA) and fluorescence polarization measured on an Analyst fluorescence HT instrument (LJL Biosystems, Sunnyvale, CA,USA). SNP alleles were called automatically by the Allele Caller TM software (LJL Biosystems, Sunnyvale, CA, USA) provided with the system. The resulting genotype calls for each SNP were checked for Mendelian inheritance consistency. Inconsistent genotypes were manually inspected and retyped to resolve inconsistencies. Any genotypes with persistent Mendelian inheritance errors were converted to indeterminate genotypes and excluded from further analyses.
Haplotype assignment
Haplotype alleles for the combination of the two SNPs were assigned by imposing Mendelian inheritance consistency on the SNP genotype data. For each family, we considered all possible ways to assign the family members' haplotype alleles, given their respective SNP genotypes. For every such family-wide haplotype assignment, we checked for Mendelian inheritance consistency assuming no recombination between the two SNP loci (justified by their 3 bp separation). We accepted only those cases where the family had exactly one consistent assignment. These calculations were carried out using a customized program written in Mathematica (Wolfram Research, Inc., IL, USA). Of the original 202 families, 126 families had definite, Mendelian consistent genotypes in both parents and at least one child for both SNAP25T1065G and SNAP25T1069C. From these, unambiguous haplotype assignments were constructed for 113 families (90%) by the above procedure. The remaining 13 families (10%) had two consistent haplotype assignments, and were excluded from analysis. No families had detectable recombinants, which would have implied the existence of undetected SNP genotype errors.
Data analysis
All statistical tests were performed using custom programs written in Mathematica (Wolfram Research Inc., IL, USA). Significant results were verified using the sib_tdt program of ASPEX. 28 TDT scores for a given marker only include transmission results from families in which both parents had been successfully genotyped for that marker, and children with data from only one genotyped parent were not included. All those affected were included in the analyses as a test of linkage (in the presence of association, multiple siblings can be treated as independent). 29 In assessing the significance of TDT results, P values for bi-allelic SNPs and for transmission/nontransmission of individual alleles are computed from the exact binomial distribution. This P value is computed by fixing the genotypes of the parents, considering all possible ways the given parents could have transmitted their alleles to the affected children, and calculating P as the fraction of those cases in which the resulting transmission data table was more 'discrepant' than the observed table. In this case, 'discrepancy' was measured by the maximum, taken over all alleles, of their respective w 2 ¼ (tÀnt) 2 /(t þ nt) values. 30 This multiallelic P value was also computed exactly utilizing the underlying binomial distributions for the transmission events. The TDT results of Barr shown in Table 5 and mentioned in the text have P values computed in this fashion, and the resulting P values are somewhat larger than the w 2 estimates that appeared in their original publication.
For all other statistical analyses, P values and power estimates for binary outcome random variables (sharing vs notsharing in identical-by-descent (IBD) sib-sharing tests, membership vs nonmembership in some class, two-category frequency comparisons, etc) were computed using suitable binomial distributions. P values for multicategory frequency comparisons were based on w 2 tests. P values reported have not been corrected for multiple testing effects, unless specifically noted.
Results
As a comparison of our sample with that of Barr et al, 23 we provide the allele and haplotype frequen- Transmission/disequilibrium tests were conducted to look for biased transmission of the individual biallelic SNPs as well as for the two-allele haplotype. TDT of individual alleles (Table 4) did not reach statistical significance but were suggestive of biased transmission of the T allele of SNAP25T1065G (P ¼ 0.097). Our haplotype transmission data (see Table 5 ) show only a non-significant trend of biased transmission of the TC haplotype (P ¼ 0.111), the TT haplotype shows no transmission bias, and there is a nonsignificant trend of biased nontransmission of the GT haplotype (P ¼ 0.060). These data do not replicate (at a P ¼ 0.05) those of Barr but show a pattern similar to that study. For the haplotypes, the P values of Barr et al 23 have been recomputed using the exact binomial methodology (Table 5 ). Biased transmission of TC (P ¼ 0.040), suggestive nontransmission of TT (P ¼ 0.071), and no bias in GT are observed. The multiallelic P value computed here is 0.075, suggestive of biased transmission. In a pooled analysis, when our transmission data are combined together with those of Barr et al 23 (see Table 5 ), biased transmission of the TC haplotype (P ¼ 0.012) is observed, although the other transmission biases tend to disagree and cancel out. These results remain significant even when we correct for the testing of multiple haplotypes (multiallelic P ¼ 0.028). This observed TC transmission bias implies an estimated genotype relative risk of 114/78 ¼ 1.5, which is a relatively mild susceptibility effect. Table 4   Polymorphism  SNAP25  SNAP25  SNAP25  SNAP25  T1065G  T1069C  T1065G  T1069C   Paternal  Paternal   Allele  T  G  T  C  T  G  T  C  Transmitted  117  92  106  119  53  29  30  44  Not transmitted  92  117  119  106  29  53  44  30  Total  209  209  225  225  82  82  74  74  % transmitted  56  44  47  53  65  35  40 To check for imprinting effects 31 of the individual alleles and the three haplotypes, we separately considered transmissions coming from the father and mother. The maternal transmissions show no evidence of bias (multiallelic P ¼ 0.978, power to detect a 3 : 1 bias at P ¼ 0.05 level with 80% confidence), but the paternal transmissions show significant biased transmission of the TC haplotype (P ¼ 0.027) and nontransmission of the GT haplotype (P ¼ 0.005) ( Table 6 ). This paternal transmission bias is also evident for SNAP25T1065G (P ¼ 0.011).
Discussion
In the present study, we detect a distortion in paternal haplotype transmissions at SNAP-25 indicating that the TC haplotype may confer susceptibility to develop ADHD. Our results do not strictly replicate the findings of Barr et al 23 in an independent sample of ADHD cases, but rather show a trend that TC may be a susceptibility haplotype for ADHD. There is an overall transmission bias for the pooled sample. The observed transmission biases support the possibility that polymorphisms in SNAP-25 play a role in ADHD, and suggest a small effect size of the TC haplotype, with an estimated GRR of 1.5 distortion in paternal haplotype transmissions at SNAP-25. The strongest evidence of biased TC haplotype transmission occurs in paternal transmission in our sample, despite the loss of power due to having less than half the number of informative transmissions. Even the individual SNP, SNAP25T1065G shows a significant distortion for paternal transmissions (P ¼ 0.011). These paternal biases are sufficiently striking to suggest that they are the source of the previously observed biases seen in our sample as a whole and perhaps the data reported in Barr et al. 23 The paternal transmission bias suggests that molecular imprinting of SNAP-25 may be a factor.
Exclusion of 13 (10%) of the families may bias the results of the TDT analysis of haplotypes as discussed by Clayton, 32 since it selects for a dependency between the parental genotypes and which of these is transmitted to the offspring, while the TDT assumes independence. However, direct inspection of the excluded families shows that including this haplotype transmission data would increase the evidence of biased transmission. Of our fully SNP genotyped 126 families, 113 have unique Mendelian consistent 2-SNP haplotype assignments, while the remaining 13 have two possible haplotype assignments. However, all 13 of these cases with alternatives involve at least one member having the very rare GC haplo-type for the 2-SNP construct SNAP25T1065G-SNAP25T1069C. The observed frequency of the GC type among the unambiguous haplotype assignments in parents is only two occurrences out of 456 haplotypes (ie, a frequency of less than 0.5%). It was not observed by Barr et al 23 in their RFLP assay. Thus, in the cases where the choice is between a haplotype assignment involving the rare GC haplotype and a 'common' haplotype, the T  T  G  G  T  T  G  G  T  T  G  G  T  C  T  C  T  C  T  C  T  C  T  C   Transmitted  31  39  36  0  99  75  69  0  130  114  105  0  Not transmitted  48  22  36  0  92  56  94  1  140  78  130  1  Total  79  61  72  0  191  131  163  1  270  192  235  1  % transmitted  39  64  50  NA  52  57  42  0  48  59 The absence of significant IBD allele sharing between affected sib pairs (53% sharing in 61 pairs, P ¼ 0.671), together with the allele transmission biases would suggest that if SNAP-25 plays a role in ADHD, it is of a rather small effect. The absence of linkage based on IBD sharing in light of a possible association can be explained by the relative small effect size estimated for the SNAP-25 haplotype. Our power is sufficient to detect 66% or greater IBD allele sharing (corresponding to a GRR of 4.6) at a P ¼ 0.05 level with an 80% confidence. 33 We have recently completed a first genome scan for ADHD in a subset of these multiplex families. 34 The genome scan indicates that 20p12.2, where SNAP-25 resides between D20S115 and D20S186, is not linked. However, a gene contributing a GRR less than or equal to 2.0 could not be excluded.
Since the SNAP25-T1065G and SNAP25T1069C polymorphisms are in the 3 0 UTR of the gene, these SNPs are unlikely to have any effect on SNAP-25 expression or the resulting protein. Thus, any functional difference that distinguishes the TC susceptibility haplotype probably depends on other polymorphisms in SNAP-25. The gene consists of eight exons in 88.5 kb of genomic sequence, with a 2050 nucleotide mRNA transcript containing 621 bases of sequence coding for a 206 amino acid protein.
Conclusions
We provide additional evidence of linkage disequilibrium of haplotypes in SNAP-25 and ADHD with new evidence supporting a paternal, rather than maternal, haplotype transmission bias. If SNAP-25 is indeed linked to some forms of ADHD, it is reasonable to suspect that genetic variants in components of the synaptic vesicle docking system may be involved, and thus they could make independent contributions towards a susceptibility to ADHD. Thus, genes, which encode components and control of the synaptic vesicle docking system, should be searched for polymorphisms and tested for association/linkage to ADHD.
